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Abstract

We propose the interfacial water quantum-transition (IWQ) model as a novel paradigm explaining temperature-dependent struc-
tural and functional transitions (discontinuities) observed in proteins. The central postulate states that experimentally measured
critical temperatures, T, are related to physical reference temperatures, Ty, defined by rotational quantum transitions of tempo-
rarily free water molecules in the protein-water interface. Applicability of this concept is demonstrated with transitions observed
in two disparate model systems, viz., hemoglobin and thermosensitive transient receptor potential (TRP) channels. We propose
that the same mechanism underlies the definition of basal body temperatures in homeotherms, the reference temperature for
humans being Ty = 36.32°C. Specifically, we demonstrate that the body temperatures of both human and chicken (representing
the two classes of homeothermic vertebrates) not only coincide with quantum-transition reference temperatures but are also
related to pronounced transitions in hemoglobin oxygen saturation. This suggests that the evolution of body temperatures in dif-
ferent homeothermic species might involve an interplay between critical parameters of oxygen supply on the one hand and
quantum-physical rotational transition temperatures of water on the other. Casting the IWQ model concept into a concise for-
mula: Proteins sense and water sets critical physiological temperatures.

NEW & NOTEWORTHY We propose the interfacial water quantum-transition (IWQ) model to explain how proteins respond to
temperature changes through specific quantum transitions of water at the protein-water interface. This model links key functional
temperatures, such as human body temperature, to these transitions. By examining proteins like hemoglobin and thermosensi-
tive channels, the IWQ model reveals a fundamental connection between water behavior and biological temperature regulation,

shedding light on evolutionary adaptations in humans and animals.

body temperature; hemoglobin; protein-water interface; temperature; TRP channels

INTRODUCTION

The body temperature of homeothermic species is kept
constant within relatively narrow limits by the action of
complex regulatory circuits involving thermal sensors and
effectors. Despite countless man-years of research, the avail-
able body temperature data for homeothermic species, espe-
cially humans, remain experimentally determined values
that are influenced by many factors (1-7). The actual body
temperature varies depending on the circadian rhythm,
measurement location, state of health, sex and ethnic origin
of the subject, etc. (8-10). A meta-analysis of body tempera-
tures recorded for 677,423 people, the oldest of whom was
born ~200 years ago, showed that in the early nineteenth
century the average body temperature of men was 0.59°C
higher than it is today and during this period has decreased
monotonically at 0.03°C per decade. For women, the
decrease was virtually identical. This trend had been attrib-
uted to the improving average state of health of people (9,
10). It is obvious that this decrease cannot continue in a
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linear fashion but must approach a threshold value, which
may be approximated by the lowest body temperature meas-
ured in healthy subjects at rest (36.6°C for males). We refer to
this threshold as the reference value of human body temper-
ature. To be considered as such, it must be independent of
the above influences: its nature must be determined by a
physical mechanism. Such a physical mechanism that could
establish reference temperatures for homeothermic species
has not been found to date (11).

Erythrocytes [red blood cells (RBCs)] undergo striking
shape changes in the bloodstream due to the prevailing flow
forces, occurring within <100 ms (12). An incidental discov-
ery by Artmann et al. in 1994 initiated the research on the
subject of this article (13). If RBCs, with a resting diameter of
7.5-8.7 um, are aspirated in vitro into a micropipette with an
inner diameter of 1.3 um at a negative pressure of —2.3 kPa
(—17.25 mmHg), they block the orifice immediately after
entering (14) up to a critical temperature T¢ of 36.3+0.3°C.
Above Tc, however, intact RBCs pass through the pipette
with almost no resistance (15). This transition within +0.3°C
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is remarkably sharp, and its inflection point at 36.3°C is close
to the lower threshold suggested for human body tempera-
ture (Fig. 1). This effect was quite a surprise to the RBC rheol-
ogy and mechanics community (16-19).

Subsequent experiments conducted in the 30-44°C range,
where an initial stage of structural perturbation was found to
occur in hemoglobin (20, 21), aimed to understand the cause
of the jumplike temperature transition of RBC passage. Our
interdisciplinary effort involved a wide variety of methods,
such as the micropipette aspiration technique (22), low-shear
rotation viscometry (23), circular dichroism (CD) (21), and
dynamic light scattering measurements (24, 25) as well as
NMR spectroscopy (23) and various neutron scattering
experiments on intact RBCs and hemoglobin samples (23,
26-28). In particular, CD measurements revealed that hemo-
globin of all homeothermic species studied undergoes a par-
tial and reversible thermal transition in the structural
perturbation range with turning points, Tc, close to the
respective species’ body temperatures (25). We concluded
that hemoglobin acts as a molecular temperature sensor (23).
Temperature transitions with T between 36°C and 37°C
were found with all experiments with human RBCs or hemo-
globin, indicating that T¢ was neither a cellular nor an RBC
membrane effect; moreover, it was independent of the pH of
the buffer (range 6.8-7.8) and the calcium concentration (0-
18 mM) (22, 29). Intriguingly, temperature transitions were
observed not only for oxy- and deoxy-hemoglobin but also
for methemoglobin and even sickle cell hemoglobin (21) and
thus appear to be inscribed into the globin architecture. In
NMR T; measurements of highly concentrated RBCs in auto-
logous blood plasma versus blood plasma alone, we found a
transition at T¢ ~37°C in both samples, but the temperature
dependence of T; surprisingly showed opposite trends on
either side of T¢ (see Fig. 3 in Ref. 23). Finally, micropipette
passage experiments with human RBCs in deuterium oxide
(D,0)-based buffer showed a passage jump at T¢ = 37.2°C,
i.e., 0.7°C higher than in H,0-based buffer (30, 31) (see Fig. 5
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Figure 1. Micropipette red blood cell (RBC) passage experiment (n ~50
RBCs per data point). Inset: pipette with inner diameter 1.3 um; RBCs (dark),
resting diameter ~8 pum, before (A) and during (B) aspiration. Graph shows
percentage of passing RBCs (squares); Tc, measured critical passage transi-
tion temperature; Tyy (blue), temperature of the triggering quantum-physical
rotational transition of water with spectroscopic nomenclature (see below).
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in Ref. 23), pointing to a role of the solvent “water” in this
transition.

The body temperatures of homeothermic species are sub-
ject to evolution (8, 32-35). Indeed, the temperature transi-
tions of hemoglobin are species specific (see Fig. 4 in Ref. 24)
(25, 36). The RBC findings per se are mainly of interest to
specialists; however, in-depth research into the physical
nature of this phenomenon has led us to the fundamental
concept that water is the key to understanding the observa-
tions. As a mechanism, we postulate that at the critical tran-
sition temperatures a molecular switch is triggered, which is
based on the interaction of hemoglobin with water in the
protein-water interface. This postulate does not require any
specific assumptions about the structure of hemoglobin and
should therefore be of general significance, i.e., be applicable
to other proteins (22, 31, 37-39).

In homeothermic species, the hypothalamus is in charge of
actively regulating body temperature (40). It obtains informa-
tion on local temperatures in the organism via thermosensi-
tive neurons with afferent cold and warm fibers (5, 41, 42).
The actual temperature sensing, i.e., the conversion of the
physical variable temperature into electrical signals, is carried
out by membrane-spanning, temperature-sensitive cation
channels that belong to the transient receptor potential (TRP)
channel superfamily and feature exceptionally high tempera-
ture coefficients (Q,o). Because of molecular adaptations, cer-
tain TRP channels are specifically “heat-activated” while
others are “cold-activated.” Although the precise molecular
mechanisms governing temperature sensitivity are still
largely unknown (43-49), there are numerous indications
that the protein-water interaction in the water-exposed
parts of TRP channels may play a key role (50-58). As is the
case with hemoglobin, the temperature dependence of TRP
channels is expected to differ from species to species (11).

In this work, we propose the interfacial water quantum-
transition (IWQ) model as a novel paradigm for the explana-
tion of temperature-dependent structural and functional
transitions that occur at critical temperatures in proteins
and other biomolecules. Its central postulate is that the
experimentally measured transition temperatures, Tc, are
determined by quantum-physical reference temperatures,
Tw, relating to rotational transitions of temporarily free
water molecules in the protein-water interface (59-64). After
introducing the concept and explaining the transitions
observed in RBCs and hemoglobin, we turn to membrane
proteins, mainly thermosensitive TRP channels. Based on
the rapidly growing body of knowledge on their structure
and function, we use the IWQ model to justify the character-
istic temperatures at which their thermal sensitivities switch
between different Qo regimes (45, 47, 49, 55, 56, 58, 65).
Finally, we explain why the body temperatures, Tg, of home-
othermic species are always restored in the process of ther-
moregulation and do not drift on the temperature scale.
Using previously unpublished data for human (mammalian)
and chicken (avian) hemoglobin, we show that the above-
mentioned transition at the body temperatures of the respec-
tive species expresses itself as an inflection point in oxygen
saturation. This suggests that the evolution of body tempera-
tures in homeotherms may have been dominated by the
optimization of critical physiological parameters in light of
the interplay between available quantum-physical rotational
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transitions of water at Ty on the one hand and the peculiar-
ities of the protein interfacial structure on the other.

The Interfacial Water Quantum-Transition Model

A thermally expanding, spherical model protein in
aqueous solution.

Water is the most important solvent in biological systems
and is fundamental to life (66-70). To set the stage for intro-
duction of the interfacial water quantum-transition (IWQ)
model, we need to consider several important aspects of the
anisotropic thermal expansion of a globular model protein
(e.g., hemoglobin, myoglobin, serum albumin, immunoglo-
bulins) in aqueous solution (71-73). In an aqueous, physio-
logical environment, the majority of apolar amino acid
residues are sequestered in the protein core because of their
hydrophobicity and are not very dynamic. The mainly
hydrophilic outer side chains form a protein-specific surface
landscape and, together with the adjacent water, constitute
the overall protein-water interface. The global thermal
expansion coefficient of myoglobin crystals is 115 x 107 K~*
(between 255 K and 300 K); for liquid water it is 70 x 107®
K~ (to compare and contrast, water ice 5 x 107° K1, glass
8 x 10~ K1). Hence, myoglobin thermally expands about
twice as much as bulk water (74). The thermal expansivity
of proteins is subject to large variability and is highly ani-
sotropic, which is essentially due to the influence of nonhy-
drated internal cavities, i.e., a variation in the density of
internal van der Waals (vdW) interactions.

Topography and dynamics of the protein-water
interface.

The distribution of hydrophilic and hydrophobic surface
areas of the protein is temperature dependent because of the
anisotropic thermal expansion of near-surface protein struc-
tures. As the thermal energy increases, secondary and terti-
ary protein structure elements tend to be destabilized, and
distinct structural transitions can occur. The process is typi-
cally sigmoidal over temperature (20, 21). At the same time,
the dynamics of the protein-water interface increases (75—
78). In polar surface areas, nonuniformly distributed hydro-
gen bonds form an irregular network between the protein
and adjacent water. They bind and break continuously; only
some are long-lived. In contrast, nonpolar, hydrophobic sur-
face areas are covered by clusters of water molecules that are
not hydrogen-bonded to the protein (Fig. 2), which have
been termed cavity-wrap water (78, 81). The resulting topo-
logical profile is dynamic, with time constants according to
Pal et al. (70) of 16—43 ps.

During thermal expansion, additional hydrophobic com-
ponents are exposed on the protein surface, with ensuing
changes in geometry and hydration (37, 82, 83). The transfer
of bulk water to newly exposed (hydrophobic) surface areas
requires inter alia an osmotic work of solvation, which con-
tributes to the energetics of protein and solvent restructuring
(26, 28, 37, 69, 84). The translational and rotational dynamics
of water molecules is generally slowed down in the interfa-
cial region because of hydrogen bonding with protein resi-
dues as well as volume exclusion effects. It seems plausible
to assume that, particularly at hydrophobic sites devoid of
hydrogen bonds between protein and water, the dynamics
mismatch may result in temporary emergence of regions
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Figure 2. Topography of a protein-water interface. Left: surface represen-
tation of a generic protein. Right: close-up illustrating protein-solvent inter-
actions. Hydrophilic surface regions are involved in protein-water H bonds
with an irregular internal density (dashed red). In the hydration shell cover-
ing the surface area (light to dark blue), translational diffusion of water is
restricted, and both density and order of hydration water are greater than
those of bulk water. Hydrophobic surface areas (“susceptible” areas, see
below), which may enlarge or newly arise during thermal expansion, are
proposed as hot spots of rotational water transitions (79, 80).

with reduced density of solvent molecules. This intuitive
view is supported by simulation studies investigating the
dynamics of water in hydration layers. Unlike their hydro-
philic counterparts, hydrophobic molecular surfaces are
characterized by deviations from the Gaussian distribution
of hydration water densities, featuring low-density tails.
Indeed, the free energy required to form a solvent-free cavity
(AGcay) has been proposed as a generally applicable proxy to
quantify hydrophobicity, even for surfaces as complex as
those of proteins (Ref. 37 and references therein).

Rotational quantum transitions of free water molecules.
Water exists in two isomeric forms, as para-water (p-water)
with the proton spin J = 0 and ortho-water (o-water) with J =
1 (Fig. 3). In their unbound (gaslike) forms, both isomers
undergo quantum-physical, molecular rotations involving
distinct states that are described by quantum numbers (62,
64, 65, 85-89).

Transitions between rotational states occur by absorbing
or releasing precisely defined quantum energies in the tera-
hertz range of the electromagnetic spectrum (Fig. 3, Fig. 4).
Because of the role of spin conservation, spontaneous transi-
tions of p-water into o-water isomers and vice versa are
quantum mechanically forbidden. An exception occurs
when the energies of an o- and a p-level are close together
(green dashed line in Fig. 4, AE = 0.2cm ).

Spin conversion is as well facilitated by the close proximity
of some biologically important isotopes acting as catalysts. Its
rate depends on catalysts’ magnetic field gradient and density.
Catalysts are for example triplet 1°0,, >Fe (2.1%, isotope frac-
tion), 3°K (44%), **Na (100%), *"Zn (4%), Mg (10%), **Ca
(0.135%), **C (1.1%), and *'P (100%) (91, 92).
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Figure 3. Top: schematic of an infrared absorption spectrum showing different vibrational modes of water molecules in the terahertz-infrared region.
Marked (pink oval) is the energy range of the rotational transitions considered. Bottom: para (p)-water (hnonmagnetic) with spin J = 0 and ortho (o)-water

(magnetic) with spin J = 1.

In the past, the analysis of rotational spectra was largely
limited to gases in which water molecules can rotate freely
(Fig. 2) (60). Although an analogous situation can be gener-
ated by embedding water isomers in Cgqg fullerene cages, in
which they cannot form hydrogen bonds (93-97), rotational
transitions are commonly thought to be suppressed in bulk
water because of the extensive hydrogen bonding network
(62, 98). This fundamentally correct view has been relativ-
ized by experiments using bidistilled liquid water (61, 63, 82,
99, 100) as well as DNA or protein solutions (64, 90, 101, 102)
(discussed in Experimental evidence of rotational transitions
in aqueous biopolymer solutions) but also by recent quantum
mechanical molecular dynamics (MD) simulations. The lat-
ter highlight the statistical distribution in the density of
hydrogen bonds in liquid water. In addition to the highly

Ortho-H,0 Para-H,0
300 285.419 cm™' 285.219 cm™"

AE=0.2cm? 3
31
Ty =36.32°C

/AE =205.92 cm™’ AE =215.13 cm’

Energy (cm™)

2, mi )
100 ..* 79.496 cm-1

202%™ 70.091 cm”

of

110? f111
To1 mmm Eooo
b e ——— — —ll— — — — — —

Figure 4. Excerpt from rotational quantum transition scheme of water iso-
mers (85, 86, 90). The ground state energy of p-water (blue), pOgo, is zero; it
does not rotate in this state, whereas the ground state energy of o-water,
olo1, is greater than zero. It always rotates (red). Ty, reference temperature.
The energy differences between adjacent rotational quantum levels indi-
cated by green (331 - 330), red (242 - 330) or blue (2¢, - 339) arrows are referred
to as AE.
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populated states (3 or 4 H bonds per water molecule), there
are also states with lower coordination numbers. In fact,
~2% of all water molecules in pure water were found
unbound at any given time, which would allow for short-
lived quantum rotation without calling into question the
fundamental statement on the extensive suppression of such
transitions (82, 103). Moreover, the hydrogen-bonding net-
work is well known to get more dynamic as temperature
increases, with an anticipated growth of the fraction of
instantaneously free water molecules. Adding to the fluctua-
tions of hydrogen bonding density in bulk water, hydropho-
bic patches on solvated macromolecules are likely to
constitute hot spots for water quantum rotation, because of
the enhanced probability of low-density states favoring the
occurrence of free water molecules (101). Effective hydropho-
bicity is assumed to be particularly prominent in high-curva-
ture concave surface elements (80), suggesting that deep and
narrow apolar cavities should provide the highest probability
of vaporlike water. These considerations support the view
that both in pure water and in the protein-water interface
(Fig. 2) a small fraction of shortly “free” water molecules is
available for rotational quantum transitions.

Experimental evidence of rotational transitions in
aqueous biopolymer solutions.
Rotational transitions in gaseous water can be detected with
Raman spectroscopy and other classical methods of infrared
spectroscopy (77). However, they are not well suited for
resolving rotational transitions in liquid water or the pro-
tein-water interface with sufficient sensitivity because of the
low proportion of usable signal, the unfavorable signal-to-
noise ratio, and the considerable absorption of the water (61,
63,100-102).

For the detection of rotational transitions in liquid water,
significant progress has been made with coherent laser
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spectroscopy methods. These methods are characterized by
high spectral resolution and an excellent signal-to-noise
ratio (61, 100, 104-107). This is due to the fact that the rota-
tional spectra of the two water isomers are more dependent
on the molecular mass than vibrational spectra, which are
normally used to study molecular interactions in liquids (64,
102). With coherent laser spectroscopy, rotational transitions
in pure liquid water as well as in aqueous solutions of DNA
and protein have been demonstrated experimentally (101,
102, 108). It is important to note that the spectra of biomolec-
ular solutions differ from those of pure water, confirming
the notion that the protein or DNA surface provides sites
that promote quantum transitions of the solvent. The peak
amplitudes in their rotational spectra are a measure of the
number of rotational transitions of free water molecules and
their interaction with (susceptibility to) the electric field of
two coherent laser beams at a given wave number. Peaks
(resonances) appear in the spectrum at wave numbers A !
inducing rotational transitions in the sample volume (100,
106). In these experiments, the rotational spectrum of water
isomers has thus emerged as a spectroscopic fingerprint of
the dissolved biomolecule.

Mechanistic foundations of the IWQ model.

The local and temporary occurrence of free water molecules
without H bonds in the protein-water interface is a funda-
mental premise of the IWQ model. In addition, given that
the temperature of water (or any kind of matter) is directly
related to the internal energy of its constituents, we adopt
the view that rotational transitions can be initiated as char-
acteristic resonance temperatures, Ty, are reached (109,
110). Within the temperature range of protein structural per-
turbation, experiments often reveal transitions at critical
temperatures, T, at which protein functions or other prop-
erties change discontinuously (see below for examples).
According to the IWQ model, these transitions can be
explained by energy uptake of free water molecules in the
protein-water interface (Fig. 2). These may undergo rota-
tional quantum transitions by absorbing the discrete energy
AE, i, that is defined by the rotational quantum states n and
m, respectively. Assuming that such processes are initiated
by collisions with thermal energy k x Ty ties each transition
to a characteristic rotational transition temperature Tyy:

AEq m=h-c- 2 = k-Tw(n, m) (1)

with & = Planck’s constant, ¢ = the speed of light, k =
Boltzmann’s constant, and 1! = the wave number (62, 109).
All physically possible rotational transitions of free water
involving quantum states of lower energy difference have
already taken place before a specific Ty is reached, thus con-
tributing to the energy landscape (79) of the protein surface
below Tyw. At Ty and above, however, absorption of higher
quantum energies becomes possible, with effects determined
by the actual number and distribution of free water molecules
in the interface (Fig. 2). When the excited water molecules
release their energy and reintegrate into the hydrogen-bond-
ing network, this leads to local energy deposition at the pro-
tein-water interface. We propose the term “susceptible areas”
for regions of the protein-water interface where rotational
transitions are possible. At any given temperature, there may
be several such areas, the size and distribution of which are
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protein specific (111, 112). If the water-mediated energy input
at Ty into these susceptible areas is sufficiently high, the pro-
tein can undergo local structural changes, thus attaining a
new conformational equilibrium, which is often associated
with a switch in protein function.

If the energy, often determined as enthalpy change AH,
taken up by the protein during a temperature-dependent
transition at T¢ is known, the number of water molecules
required to deliver this amount of energy via rotational transi-
tions may be estimated from the quantum energies involved
(85, 86):

N = AH/AE; m (2)

As the temperature continues to increase, further rota-
tional transitions are excited. Because of the changes in sur-
face properties of the protein, at each rotational transition
temperature a partially or completely different set of suscep-
tible regions can be addressed, resulting in further confor-
mational changes. The concept of susceptible surface areas
applies not only to soluble proteins but also to membrane-
spanning ones. Obviously, in these cases local energy accu-
mulation via water quantum transitions is restricted to sol-
vent-exposed regions or domains (Fig. 2; see Fig. 14 and
Fig. 15).

The IWQ model postulates that, in the range of reversible
perturbation, many pronounced temperature-dependent tran-
sitions in protein structure and function cannot be explained
by continuous energy uptake of the protein-water system with
rising temperature but require local energy input after a dis-
crete water rotational transition temperature Tyy is reached.
Thus, Ty may represent the physically defined reference tem-
perature of the protein transition observed at Tc. Since Ty is
based on a quantum-physical property of water molecules, it is
independent of solution pH, chemical potential, salt concen-
tration, and other proteins in the aqueous environment.

What happens as the temperature decreases? When the
temperature drops below Ty, the energy introduced into the
local protein interface regions is recovered. In the structural
perturbation stage, IWQ transitions should be reversible,
unless this is hindered by secondary reactions, such as pro-
tein aggregation (21, 23, 78) or semipermanent thermal dena-
turation, as with some temperature-sensitive TRP channels
(113, 114).

Application of the IWQ Model to Human RBCs and
Hemoglobin

Temperature transition of RBC passage through
micropipettes (RBC passage transition).

The cytosol of RBCs is mainly comprised of freely sus-
pended, almost spherical Hb molecules that form a crowded
medium (27, 115-117). It exhibits a Newtonian flow behavior
at physiological concentration (12). The relaxation times of
RBCs, which are determined not only by the cell membrane
viscosity but also by the viscosity of the cytosol, decrease lin-
early and monotonically with increasing temperature up to
~40°C (19, 118). In particular, it does not show anomalies
around human body temperature (119-121).

In contrast, passage experiments with RBCs suspended
in phosphate-buffered saline through 1.3-um micropip-
ettes at a high aspiration pressure of —2.3 kPa revealed a
very sharp and highly reproducible temperature transition
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Figure 5. Red blood cell (RBC) passage transition: Human RBCs in a micro-
pipette undergo a steplike transition at the critical temperature Tc =
36.3+0.3°C. During the entry process, the Hb solution in the RBC cytosol is
mechanically sheared. Simultaneously, water is displaced from the cytosol,
reducing the volume of the outer RBC sphere. Inside the sphere, Hb forms a
highly concentrated, viscous Hb gel. At T, its viscosity undergoes a phase
transition, allowing the whole RBC to pass the pipette. At T > 37°C, the pip-
ette does not cause any significant resistance to the RBC passage. V, RBC
partial volume; Ap, aspiration negative pressure in the pipette.

in the passageability (RBC passage transition) at Tc =
36.3+0.3°C (Fig. 1). Below T, the RBCs block the pipette,
while the Hb concentration in the spherical RBC trail remain-
ing outside the pipette increases to 50 g/dL (Fig. 5) (13). From
~37°C onward, however, they pass through unhindered (15).

Applying the IWQ model, we postulate that this is the
result of quantum mechanical rotational transitions in the
Hb-water interface at Tyw = 36.32°C (p202-331). This transition
causes a sudden drop in cytosolic fluidity. Within the accu-
racy of the measurement, the temperatures T¢ and Ty can
be considered identical; moreover, they correspond to the
average body temperature of a healthy person, Ty = 36.6°C
(99% range 35.3-37.7°C) (107) and thus might actually repre-
sent the basal limit of the human body temperature.

To test whether the isotopic state of the hydrogen in
the water molecule has an influence on the RBC passage

Figure 6. Red blood cell (RBC) volume

a function of temperature is shown. For
each temperature step, 12 individual RBCs
were aspirated (n = 12). Single-RBC vol-
ume was calculated from microscopic
images. The abbreviation ry, stands for
the estimated radius of the hemoglobin
molecules in the spherical outer part of
the aspirated RBC. It is calculated from the
micropipette data and the physiological
intracellular Hb concentrations. At critical
temperature T¢ = 36.4+0.7°C, there was
a significant kink. Below T¢, the volume
loss slope was 4.2 times higher than
above. Apparently, water “melted” from the
Hb hydration shell at a given temperature
into bulk water is expelled from the cytosol.
At temperatures above the transition
point, a proportion of water molecules
remain bound to the Hb surface forming 60
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transition, micropipette experiments were performed with
RBCs suspended in phosphate buffer containing deuterium
oxide (D,0) instead of H,0. Deuterium-based hydrogen bonds
are slightly stronger than protium-based ones because of the
difference in mass between deuterium (D) and protium (H),
implying a higher stability of protein-solvent and solvent-sol-
vent interactions. Thus, it was expected that the critical tran-
sition temperature should be shifted to higher values, which
we indeed observed. The critical transition temperature for
RBC passage was T¢ (D,0) = 37.2°C, corresponding to an
upward shift by 0.8°C. In accordance with the IWQ model, we
assign this inflection point to the rotational transition p9g;-9o;
with Tyw = 37.09°C (see Fig. 5 in Ref. 23).

Temperature transition of RBCs trapped in micropipette
orifices (RBC volume transition).

With the same negative pressure in the pipette as above, but
a smaller internal diameter of 1.1 um, at which no RBC can
pass through, the temperature dependence of the equilib-
rium RBC volume, AV/AT, between 34.5°C and 39.5°C was
measured (23) (Fig. 6). Since the RBC membrane remains
intact during pipetting, the aspiration force causes an
increase in cytosolic pressure.

Consequently, the cytosolic bulk water is squeezed out
through the aquaporin channels (66) until an equilibrium is
reached, which is presumably dictated by the amount of
water tightly bound by hemoglobin, the major colloid osmotic
agent in the RBC cytosol. The observed decrease in RBC vol-
ume with increasing temperature can thus be attributed to
the conversion of Hb-bound water to bulk water (23). In other
words, in this temperature interval, the Hb hydration shell
“melts” and bound water becomes bulk water. At T¢ =
36.4+0.7°C an inflection point of the equilibrium RBC vol-
ume was found (RBC volume transition), again coinciding
with the rotational transition p2¢,-33; at Ty = 36.32°C. The
volume loss with temperature (AV/AT) was quite steep at T <
Tc (-10.3 fL/°C) but flattened to —2.4 fL./°C above T, indicat-
ing that the melting process of Hb-bound water is essentially
complete at T¢ = Ty. As further indirect evidence for the loss

hydration shell melting

transition. Individual RBC volume (Vggc) as e m———————

P2y,-334
Tw=36.32 °C

Viee = 76.7 fL
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l
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a hydration shell. Used with permission 34 35
from Artmann et al. (23).
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of water bound to Hb below T, we note that in NMR meas-
urements on plasma-suspended RBCs the T; relaxation time
increases in this temperature range but remains almost con-
stant above the transition temperature (see Fig. 5 in Ref. 23). It
is crucial to understand that the RBC volume transition is
physically distinct from the RBC passage transition. Whereas
the former is a stationary phenomenon, the latter is a fluid-
dynamic effect in which shear forces act.

Estimates showed that the applied thermal energy is too
small to explain the inflection points of the two pipette
experiments (Fig. 5 and Fig. 6). The small difference in col-
loidal osmotic pressure of the cytosol in the selected temper-
ature range cannot have caused the transition either (22).
Thus, in our opinion, classical physicochemical theories are
unable to explain the occurrence of the observed inflection
points. Together with temperature-dependent dynamic light
scattering experiments (24, 25) and Hb-solution viscosity
recordings (Fig. 7; Ref. 13) the above data support the view
that the rotational transition of water at T¢ leads to a sudden
increase in hydrophobicity of the Hb surface, enabling low-
friction sliding of the Hb molecules and hence the RBC pas-
sage transition with the 1.3-um pipette. Note that we are
referring to an effective hydrophobicity, which cannot sim-
ply be deduced from the fraction of apolar moieties exposed
on the protein surface. In fact, the numerous solvent-accessi-
ble side chain and main chain atoms featuring different
polarity cooperate in complex and nontrivial ways, depend-
ing on their relative arrangement, to yield local and global
patterns of hydration (37, 80, 122). Consequently, a moderate
rearrangement of a given set of protein surface elements
may be sufficient to alter solvent interaction, and even
though an increase in temperature may be expected to result
in partial unfolding and hence exposure of additional apolar
side chains, the effect on global hydrophobicity may be dis-
proportionate. The mechanism we are proposing for the RBC
passage transition differs fundamentally from a previously
expressed view (110).

The narrower 1.1-um pipettes (Fig. 6) do not allow for any
RBC passage but uncover a release of bound water to the bulk
of the cytosol, which precedes the actual transition at Tc. The
intriguing observation that melting of the hydration layer
ends (within the precision of the experiment) at the transition
temperature, Tc, suggests that the loss of hydration water
may sensitize the protein to the energy uptake by quantum
absorption, e.g., by altering the dynamics of surface-exposed
residues, which has been observed as well in neutron scatter-
ing experiments (see Fig. 5 in Ref. 26).

Temperature transitions of Hb solutions in a rotary
viscometer (Hb viscosity transition).

To rule out RBC-membrane-related switches, such as a sud-
den loss of adhesion between the RBC membrane and the
inner surface of the pipette or a sudden change in the water
permeability of the aquaporins, as causes of the RBC transi-
tions described, concentrated Hb solutions were analyzed
with a rotational viscometer at a shear rate of 5.89 s~*. The
equilibrium time between successive temperature steps was
15 min. Hb concentrations were chosen that occur in the
RBC sphere (Fig. 1) during the micropipette RBC passage (13,
22, 29) (Fig. 7). Considering the IWQ model, the observed
transition at T¢ = 36.4°C is caused by rotational transitions
P20,-33; of free water molecules at the Hb-water interface. At
~37°C, a stall occurs, which leads to the observed independ-
ence of the viscosity of the Hb solution from the concentra-
tion at elevated Hb. The viscosity range between 36.4 and
37°C represents a transition state.

It is important for the comparison and interpretation of
the data that fluid dynamic shear forces act in the cytosol or
in the Hb solution in both micropipetting experiments
(Fig. 5) and rotational viscometry (Fig. 7). In contrast to visc-
ometry, however, in the pipette experiments cellular water is
expelled into the extracellular space at the same time. The
total volume of the RBC is reduced, which implies that the
average water content per molecule of Hb is also reduced.

T,=36.32°C
P2y;-33

A s p 50 g/dI

. L o 45 g/dl
87.6 kcal/mole-..____ Figure 7. Hemoglobin viscosity transition: Arrhenius
354 T 33 g/d| plot of the relative viscosity [In(n/ne)] of concentrated
45.2 kcal/mol o human hemoglobin (n = 10 per data point). A: at
R Y 74 ! 33 g/dL, the viscosity decreases monotonically with
F 2 increasing temperature. No temperature transi-
o 257 tion was seen. At 45 and 50 g/dL, however, a tran-
£ ¥ I 6.1 kcal/mol sition became visible at critical temperature Tc =
g 2 ] / o 1 (] 36.4+0.3°C corresponding to the interfacial water
=~ 15 W 1 L quantum (IWQ) transition p29,-33, at reference tem-
’ 1.4 kcal/mol 1 ﬁ perature (Ty) = 36.32°C. The relative viscosity is
1 | concentration dependent at temperatures below Tc.
| k From T ~37°C on, there was no difference between
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37°C 1} T.=36.4°C accuracy. B: the viscosity transition of hemoglobin
0 T L I r " (Hb) is attributed to a sudden change in effective
3 3.1 3.2 33 3.4 hydrophobicity at the Hb surface. Used with permis-
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The Hb concentration in the RBC’s globular part remaining
outside the pipette increases up to 50 g/dL below T¢ =
36.4+0.3°C (13, 23, 123). Our observation of hydration water
melting off Hb in RBCs as a function of temperature must
also hold in the viscometer, but unlike in RBCs under aspira-
tion stress the average water content per Hb molecule
remains constant (22).

The relative viscosity, In(n/no), in the Arrhenius plot
decreased monotonically and linearly with 1/T between 23°C
and 42°C for the 33 g/dL Hb solution. There was no inflection
point. In contrast, at Hb concentrations of 45 and 50 g/dL, an
abrupt and significant temperature transition in Hb relative
viscosity was observed at T¢ = 36.4°C (Hb viscosity transition)
(Fig. 7). Up to T¢, Hb solution viscosity was concentration
dependent, in agreement with expectation and with pub-
lished data (120). The ratio of free bulk water molecules, Nfee,
to hemoglobin-bound water molecules, Nyoung, at T ~25°C
and concentrations of 33 g/dL, 45 g/dL, and 50 g/dL is esti-
mated to be Nyee/Npouna = 5.3, 3.0, and 2.0, respectively, cor-
responding to approximately seven, four, and three molecule
layers of free bulk water between adjacent Hb molecules (22).
Despite these differences, the Arrhenius plot yields the same
apparent activation energy, within the accuracy of the mea-
surement, in all three cases (6.1 kcal/mol). Intriguingly, the
Hb viscosity transition is only observed when the transla-
tional diffusion is severely restricted because of the close
proximity of the Hb molecules. The jump in activation energy
at T¢ = 36.4°C amounts to AE, = 45.2-6.1 kcal/mol = 39.4
kcal/mol at 45 g/dL and to AE, = 87.6-6.1 kcal/mol = 81.5
kcal/mol at 50 g/dL. At ~37°C the temperature dependence of
relative viscosity changes again for the higher Hb concentra-
tions, switching to an apparent activation energy of only 1.4
kcal/mol; this corresponds to a difference AE, = 1.4-6.1 kcal/
mol = —4.7 kcal/mol w.r.t. the low-temperature regime.

Applying the IWQ model, we propose the increase in Hb
hydrophobicity resulting from water quantum absorption at
Tw = 36.32°C to trigger a fluid dynamic instability (124) in
concentrated Hb solutions. The first hydration shell in the
Hb interface contains ~2,300 water molecules as reported by
Stadler et al. (27). Since the energy absorption of the
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Figure 8. Hemoglobin circular dichroism (CD) transition: frac-

tional ellipticity change at 222 nm (F,ps) (21) with temperature Ke]
for human hemoglobin at pH between 6.8 and 7.8. Inset: o
original CD plot, pH 7.4. T, critical temperature; Ty, refer-

ence temperature. Used with permission from Ref. 21.

R562

rotational transition of a water molecule at p2q,-33; is known,
the percentage of water molecules that are required to pro-
vide the energy for the viscosity jump can be estimated from
the total energy taken up by the Hb molecule including its
hydration shell. Taking the activation energy differences
mentioned above as a proxy yields numbers of 64 and 133
(Eq. 1and Eq. 2) for the transitions at 45 and 50 g/dL, respec-
tively, amounting to only 2.8% and 5.8% of the water mole-
cules of the first hydration shell.

The ultimate cause of these temperature transitions is
water. Even after calcium-induced cross-linking of cytosolic
hemoglobin in RBCs or hemoglobin in solution, we found a
temperature transition at a critical temperature Tc =
36.4+0.3°C (22, 29), which again coincides with Ty =
36.32°C of the rotational transition p2q,-33;. This means that
the position of Tc on the temperature scale remained
unchanged even after significant alteration of protein-pro-
tein interactions. As expected, calcium did have strong
effects on RBC passage through micropipettes and Hb sus-
pension viscosity, confirming that environmental factors
influence the biological effects induced by rotational transi-
tions of water. The transitions themselves, however, always
take place at the same temperatures, which are predeter-
mined by quantum physics.

Hemoglobin solution circular dichroism (Hb CD
transition).
In the temperature range between 35°C and 39°C, CD meas-
urements with human hemoglobin showed a transition in
ellipticity at 222 nm, indicating an accelerated decrease in
a-helix content (125). Independent measurements on differ-
ent CD instruments resulted in transition temperatures of
Tc = 37.2+0.6°C (21), Tc = 37.1+0.5°C (25), and T¢ =
36.5+0.5°C (24). We attribute the varying T¢ to systematic
deviations of the actual temperature in the sample volume
from the temperature set on the device. As reported by
Artmann et al. (21), the CD transition is independent of Hb
oxygenation, pH, and other factors (Fig. 8).

We assign the rotational transition p2g,-33; of water at
Tw = 36.32°C to these critical temperatures. In accordance
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with the IWQ model and our conclusions for other Hb-
related transitions, this accelerated decrease in o-helix con-
tent correlates with an increase in Hb surface hydrophobic-
ity. This can be inferred from independent dynamic light
scattering measurements on human Hb revealing Tc =
36.4+0.8°C (25) and T¢ = 36.5+0.5°C (24). Above these T¢s,
the aggregation of Hb increases at a significantly elevated
slope. The CD transition is therefore likely to be based on the
same quantum mechanical mechanism as the RBC passage
and the Hb viscosity (23) transitions, with additional hydro-
phobic patches forming abruptly at Tyw. Tw thus separates
two different physical states of the Hb surface on the temper-
ature scale (Fig. 2) (20, 37, 67,126, 127).

Hemoglobin crystal thermal transitions (Hb crystal
transition).

Water is a ubiquitous component of protein crystals, typi-
cally amounting to 30-70% of total crystal volume.
Gevorkian et al. (128, 129) grew monoclinic crystals
of human oxyhemoglobin and measured the dynamic
Young modulus (modulus of elasticity) E as a function
of temperature between 25 and 50°C. Intriguingly, it
changed abruptly at several transition temperatures and
remained constant in between (Fig. 9).

The strength of lattice interactions, and hence the Young
modulus, depends on the ambient humidity of the crystal,
with E being ~8 times larger at 75% relative humidity than at
95%; the crystal becomes softer because of water absorption
(129). Similar experiments have been reported for lysozyme
crystals (130). It is interesting that the Young modulus
increases abruptly at Ty = 25.93°C, whereas it decreases suc-
cessively at all higher transition temperatures. Conceptually,
a protein crystal can be regarded as an extremely concen-
trated protein solution, in which positions and orientations
of individual molecules are restrained by lattice contacts
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Figure 9. Hemoglobin crystal transition: temperature profile of the Young
modulus E of human oxyhemoglobin crystals measured with an oscillating
2-plate system (~5 kHz). E changes in sharp steps and remains constant
in between. At T > 49°C crystals clove to pieces. Interfacial water quan-
tum (IWQ) transitions and their characteristic temperatures Tyy (blue) are
assigned to observed critical temperatures T¢. Used with permission from
Ref.129.
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while the majority of hydration water is preserved. We postu-
late that the increase in the Young modulus at Ty = 25.93°C
(p15312-15,13) results from an abrupt change in the hydrogen
bonding architecture at the protein-water interface and/or
moderate alterations of the protein surface affecting crystal
lattice contacts. Obviously, structural alterations must be
moderate enough to not disrupt the lattice contacts, espe-
cially since nonfixated crystals were used in these studies.
An increased density of hydrogen bonds, or other noncova-
lent interactions, would explain the observation of the crys-
tal becoming less elastic (37, 95, 131). The new binding state
is maintained from T > 25.93°C until changing to another
H-bridge arrangement at Ty = 36.32°C (p20,-331). At Tw =
36.32°C, the crystal suddenly “softens.” Note that the reso-
nance method applied here for measuring the Young modu-
lus generates shear forces (91) between Hb molecules and
adjacent water layers. We hypothesize that, analogous to the
viscosity transition described above, an increase in the effec-
tive hydrophobicity of Hb due to rotational transitions of
water in the protein-water interface leads to a decrease in
the density of protein-water hydrogen bonds. This might
enable the onset of low-friction sliding, rationalizing the
sudden drop of the Young modulus.

In the range between Ty = 25.93°C and Ty = 36.32°C fur-
ther rotational transitions are expected, but these do not
appear to have any effect on the Young modulus, either
because the energy input is too small to cause a change or
because the alterations are silent w.r.t. crystal elasticity.

Colloid osmotic pressure of RBCs in autologous plasma
(Hb-COP transition).
In a series of in vitro experiments, we measured the colloid
osmotic pressure (COP) of human RBCs resuspended in auto-
logous plasma with an average RBC content of 77.6 £ 5.3% by
volume (RBC-in-plasma sample) versus autologous plasma
alone (plasma sample) at 29°C < T < 39.5°C (see Fig. 4 in Ref.
23). This was to elucidate as closely as possible the in vivo
environment of the hemoglobin-water interaction inside
RBCs (23, 120). The COP of both samples increases linearly
and parallelly with temperature, with the plasma sample
COP consistently 0.27 kPa higher. It is reasonable to assume
that this is due to a small proportion of plasma proteins
adhering to the RBC surfaces in the RBC-plasma sample,
thus reducing the free plasma protein concentration and its
COP. Although the COP of the plasma sample continued to
increase linearly with temperature, the parallelism of the
COPs ended at T¢ = 37.1+0.2°C. From there on, the COP of
the RBC-plasma sample decreased rapidly, at 39.5°C being
0.73 kPa lower than that of the plasma sample. Our assump-
tion is that from T upward cytosolic water leaks from the
RBC into the surrounding plasma. This dilution effect
causes the plasma protein concentration to decrease and
the total COP to decline in parallel. Based on the IWQ
model, the transition at T¢ induces partial hydrophobiza-
tion on the Hb surfaces, triggering cytosolic Hb aggregation
and thus reducing the number of colloid osmotically active
particles. As a result, cytosolic water is released into the
extracellular space (27, 31, 99, 132, 133).

The Hb-COP transition takes place in the full absence
of fluid dynamic shear forces. Taking into account the
above considerations and the technical shortcomings of T¢
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measurement, we hypothesize that the COP transition is
another manifestation of IWQ transition p2q,-33; with char-
acteristic temperature Ty = 36.32°C, proposed above as a ref-
erence for basal human body temperature Tgpyman. The
release of water from the cytosol of RBCs may represent a
contribution to homeostasis during fever in humans (40, 46,
134). From the COP data, it can be estimated that an adult
with a fever temperature of 39.5°C transfers ~500 mL of
water from RBCs into the blood plasma, partially compensat-
ing for the loss of sweat water (23). Analogously, we assume
that additional water is recruited from muscle cells during
fever because of aggregation of myoglobin setting on possibly
as well at T¢ (134, 135). A possible physiological relationship
between the release of water by the RBCs from Ty = 36.32°C
on and the increase in the rate of skin temperature-related
sweating (4) as the core body temperature exceeds ~36.5°C is
only hinted at here.

IWQ Transitions of Thermosensitive TRP
Transmembrane Channels

Neuron thermal sensitivity.

Using the local temperature distribution in an organism for
regulation of its body temperature requires sophisticated
biological sensing mechanisms (45, 49, 54, 136). First, a neu-
ronal temperature transition on the organ level is discussed
here (42). The study involved the stimulation of heat-sensi-
tive splanchnic nerves in the dorsal wall of the abdominal
cavity of rabbits through the perfusion of thermodes with
water at temperatures ranging from 12°C to 50°C. Up to a
critical temperature, Tc ~36-38°C, neural afferent activity
remains constant. It then changes to an almost linear
increase with temperature (see Fig. 3 in Ref. 42). Applying
the IWQ model, the rectal body temperature of the rabbit Ty
~38.4+0.6°C can be assigned the IWQ reference tempera-
ture Ty = 38.69°C (012¢1,-12411). Thus, the authors provide a
(rare) example of a critical switching temperature at the
organ level, T¢ orean (39, 42, 61, 137, 138). It seems reasonable
to assume that such higher-order switching temperatures
are intrinsically related to the critical temperatures, Tc, of
key molecular temperature sensors, in this case the heat-sen-
sitive TRP ion channels. These include the noxious heat-sen-
sitive TRPV1 (VR1) channel (139, 140) as well as the warm-
sensitive TRPV3 channel (141) (discussed below).

A further example is the temperature profile of the action
potential frequency recorded from individual thermosensi-
tive neuronal fibers, the cold fibers (AS fibers) and the warm
fibers (C fibers), after thermal stimulation of cat tongue
nerves (Fig. 10) (14, 31, 41, 44, 142).

The cold-sensitive AS fibers clearly show multiple regions
of different temperature sensitivity (143). The starting point
of continuous discharge correlates with Ty = 12.19°C
(p873-893). There is an intermediate minimum and a maxi-
mum located close to Ty = 15.6°C (p13;,-13g¢) and Tw =
26.71°C (04,3-53;), respectively. The activity stops around
Tw = 36.32°C (p20,-331). Interestingly, a second temperature-
sensitive range sets on at ~Ty = 45.74°C (0414-5,3) (144). We
recognize an analogy to the “cold sensation paradox” that is
typically observed in humans at temperatures above 45°C.
The warm-sensitive C fibers instead begin firing at ~Tw =
18.75°C (p331-440) and reach a maximum rate close to Ty =
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Figure 10. Temperature-sensitive neurons (cat): steady-state firing rate of
individual cold-sensitive A fibers (green) and warm-sensitive C fibers (red)
after thermal stimulation of the lingual nerve of cats at constant tempera-
tures between 10 and 50°C. The normal body temperature range of cats is
shaded red. Temperatures at which the sensitivity of the 2 fiber types is
turned on, turned off, or turned over are assigned interfacial water quantum
transition (IWQ) reference temperatures. Used with permission from Ref. 41.

38.79°C (p12415-1251;), which is within the cat’s normal body
temperature range, Ty ~38.3-39.2°C. Sensitivity dissipates at
Tw = 45.74°C (0414-523), the same temperature at which the
cold-sensitive Ad fibers resume their temperature sensitivity.
In generating afferent temperature signals over the entire
temperature range, C and Ad fibers complement each other
(138, 145, 146).

Temperature-sensing TRP channels.

The TRP channels TRPMS (cold sensor), TRPV3 (warm sen-
sor), and TRPV1 (noxious heat sensor) are molecular temper-
ature sensors with exceptionally high Q¢ values in certain
temperature ranges (14, 43, 45, 47, 50, 51, 54, 57, 58, 65, 93,
136, 140, 147).

The cold-sensitive TRPMS is expressed in ~15% of small
dorsal root ganglion neurons and is activated below T¢ =
25°C (Fig. 11) (143). Whole cell patch-clamp data obtained
with HEK293 cells showed robust temperature-activated
currents.

Channel activation is usually described using a two-state
model, i.e., under the simplified assumption of a single open
and closed state, respectively. Figure 11 displays a Van ‘t Hoff
plot of the equilibrium constant K.q = [open]/[closed]. The
plot exhibits several regions of differential temperature
dependence (Q,0), with linear segments separated by inflec-
tion points at T¢ = 10°C, 18°C, and 25°C. Assigned IWQ refer-
ence temperatures are indicated. At Tc = 18°C the enthalpy
and entropy of channel opening (related to slope and inter-
cept of the linear fit) change by AAH = 52 kcal mol™ and
AAS =174 cal mol ' K. Based on the IWQ model, the energy
required for the underlying structural perturbation is cov-
ered by rotational transitions of water at Ty = 18.43°C (0330~
4,4). At this Ty, one water molecule absorbs an energy of
0.58 kcal/mol (wave number of 202.69 cm ). The change in
gating enthalpy at T¢ = 18°C corresponds to ~90 rotational
transitions of water molecules per tetramer (Eq. 1 and Eq. 2).
Since the channel is composed of four identical subunits, the
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Figure 11. Cold sensitive TRPMS8: Van ‘t Hoff plot of steady-state mem-
brane channel activity, Koo, measured by whole cell patch-clamping at 60
mV holding potential. The authors performed a linear regression analysis
for 2 temperature regimes (red dotted lines), 10°C to 18°C (Qqo = 3.3) and
18°C to 25°C (Qqo = 23.8). However, we identify 2 more regimes, one at
T < 10°C and another shallow one at T > 25°C (blue dotted lines). The 3
critical temperatures T¢ were assigned to interfacial water quantum transi-
tion (IWQ) reference temperatures Tyy. Deviations between Ty, and Tc¢
reflect experimental temperature uncertainties. Used with permission
from Ref. 143. Copyright (2004) National Academy of Sciences.

changes to protein conformation should be statistically sym-
metric, and further synchronization may occur via allosteric
coupling. For TRPMS, two additional enthalpy jumps were
observed at Tc = 25°C and T = 10°C. Above 25°C, the
TRPMS channel follows a shallower phase at very low activ-
ity. Below T = 10°C, the authors described the regime as
“saturated,” but the data may indicate a low-temperature
range with a very high Q0. The TRPMS8 channel therefore
shows a different sensitivity in several temperature ranges,
which is also typical for cold-sensitive A fibers (Fig. 10).

The warm-sensitive TRPV3 is predominantly expressed in
skin keratinocytes but also in the tongue, dorsal root ganglia,
spinal cord, and brain (48, 54, 55, 148).

Figure 12 shows a Van ‘t Hoff plot obtained from the equi-
librium constant, K¢q, of wild-type mouse TRPV3 reconsti-
tuted into lipid nanodiscs. Above a critical temperature at
~36°C, the equilibrium constant increases rapidly with tem-
perature (Q;o = 27.0 £7.4). The limited number of data points
did not allow the T¢ to be determined with high accuracy.
For the same reason, the existence of further critical temper-
atures below 36°C cannot be ruled out. Nevertheless, the
assumption T¢ =~ Ty mouse =~ Tw = 36.32°C (p20,-331) appears
reasonable. This transition is accompanied by changes in
gating enthalpy and entropy of AAH = 91.2 + 3.6 kcal mol ™
and AAS = 287.5+11.7 cal mol™! K7, respectively (54).
Rotational transitions, p2o,-35; (215.13 cm™) at Ty = 36.32°C,
absorb an energy of 0.62 kcal mol~. According to Eq. 1 and
Eq. 2 a sum of 147 transitions of free water molecules per tet-
ramer (~37 per monomer) would be equivalent to this
enthalpy jump.

In their cryogenic electron microscopy (cryo-EM) studies
of TRPV3 reconstituted in nanodiscs, Nadezhdin et al. (54)
identified two distinct responses to heat depending on the
type of nanodisc used, one corresponding to the canonical
open state and a one in an intermediate conformational state
that they interpret as sensitized (activated but still closed).
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Since their heat activation protocol involves oscillation
between 25°C and 42°C, crossing the major kink in tempera-
ture regimes discussed above, it is tempting to speculate that
their sensitized state may share features with the high-Qq
state defined by the Van ‘t Hoff plot. Notably, the closed-to-
sensitized transition involves secondary structure changes
and rigid-body motions together affecting a large portion of
the molecule, which seems consistent with the distributed
nature of a solvent-mediated effect, whereas the actual chan-
nel opening transition was more localized. Obviously, cryo-
EM would only be able to resolve temperature-dependent
structural changes relaxing slowly compared to the cryocool-
ing kinetics.

The TRPV1 channel (VR1) is sensitive to noxious heat
(Fig. 13) (56, 113, 149). Rat TRPV1 channels (57) were expressed
in oocytes as described by Caterina et al. (49), and single-
channel activity was measured by patch-clamping.

The authors’ linear regression (149) between 40°C and
50°C (black line in Fig. 13) yielded a gating enthalpy of
150 +13 kcal/mol. As with the VRPMS8 channels, it seems
possible to identify more than one temperature regime.
Accordingly, the channel activity switches between higher
enthalpy (red dashed lines in Fig. 13) and lower enthalpy
Q0 regimes (blue dashed line).

IWQ mechanism of temperature-induced switching of
TRP channel Activity.

The molecular mechanisms responsible for thermally acti-
vating TRP channels remain to be fully elucidated, but avail-
able data indicate that it involves conformational changes in
different regions of the three-dimensional (3-D) structure as
well as allosteric interactions (54) (Fig. 14). Thermodynamic
considerations suggest that, assuming only a single open-
closed transition, channel gating should be temperature
dependent, favoring similar conformational changes for
both heat and cold stimulation. This is due to the tempera-
ture dependence of the heat capacity change at constant
pressure AC, (50) modulating AH and AS and hence K4 of
the opening transition. An increase in heat capacity upon
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- o T, =36.32°C
N 34 T, ~3‘6°C/ (P2, - 33,)
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Figure 12. Warm-sensitive TRPV3: TRPV3 is thermosensitive in the range
of temperatures between TRPM8 and TRPV1. The Van ‘t Hoff plot of the
equilibrium constant (K.q) measured by patch-clamping reveals 2 Qo
regimes separated by a kink at critical temperature Tc ~36°C correspond-
ing to mouse body temperature Tgmouse = 36.2°C and critical tempera-
ture Tc = 36.32°C (p202-339) (N = 19 independent experiments). Used with
permission from Ref. 54.
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Figure 13. Noxious heat sensitive TRPV1: Shown is a Van ‘t
Hoff plot generated from the equilibrium constant K, for rat 2
TRPV1 channels expressed in oocytes (49). Single-channel

inside-out patch clamp recordings were taken. Individual E
TRPV1 channel activity started between critical temperature "= 0T
Tc ~40 and 42°C with reference temperature Ty = =
40,68°C (p11g4-1193). While the authors performed a simple 2 +

linear regression, our detailed analysis revealed 2 additional

critical temperatures, Tc = 44°C (Ty = 43.83°C, p14gs-1496) -4
and Tc = 48°C (Tw = N.N.), and 4 Qo regimes. Used with
permission from Ref. 149 (Figure 2C).
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channel opening was proposed to be caused by exposure of
~50 nonpolar hydrophobic side chains (10-20 per TRP pro-
tomer), representing <2% of all side chains in typical TRP
channels. However, the experimental data discussed above
(Fig. 11, Fig. 12, Fig. 13) indicate the presence of several states
featuring individual temperature sensitivities, which corre-
spond to slightly different closed and open structures. Within
each Qg interval, the Clapham and Miller model (50) should
apply in principle. However, the Van ‘t Hoff plot’s approxi-
mate linearity and the constancy of both AH and AS within
these intervals suggest that the influence of AC, is minimal at
best. In contrast, abrupt changes in specific heat are likely
associated with transitions between different Q;o regimes
(Fig. 13). Such an increase in AC, is consistent with our
hypothesis that IWQ transitions at discrete temperatures Ty
can lead to protein conformational changes involving an
increase in (effective) hydrophobicity. Provided that these
changes are fully reversible, the switching enthalpy is released
upon return to the previous temperature regime (150).

The free energies associated with conformational changes
in TRP channels are typically on the order of 100 kcal/mol
(143), which is equivalent to ~160 water molecules absorbing
0.62 kcal/mol at the rotational transition p2p,-33;. Even if
this is only a rough estimate, two conclusions can be drawn:

S4-S5 linker—-TRP-like
domain

S5 and S6 helices
affect channel
activity

S1S2 S3

3 - C
’\;.TRP\H TRPA1 _sensorfor pain, cold, and
@ TRPM8 gTvas eh

TRPV2

Figure 14. Regions identified as thermoactive in different TRP channels.
They are mostly located in solvent-accessible portions of the protein, fac-
ing either the extracellular space or the cytosol, which is in agreement
with principal interfacial water quantum-transition (IWQ) model require-
ments. Used with permission from Hilton et al. (58).
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First, the excitation of a single free water molecule in the
interface involves a nonnegligible amount of energy, even
when viewed on a macromolecular scale. Second, among the
thousands of water molecules comprising the first hydration
layer of a large protein molecule, a small percentage under-
going quantum absorption will be sufficient to elicit a biolog-
ical effect.

The water-accessible portions of TRP channels are in con-
tact with either the extracellular medium or the cytosol
(Fig. 14) (57, 58, 65).

With respect to the IWQ model, we propose that the ther-
mally susceptible areas are located here because this is
where the enthalpies required for switching can be acquired
via water quantum transitions. The primary (localized) struc-
tural changes originating from energy uptake can spread as a
“conformational wave” throughout the protein, similar to
the closed-to-sensitized transition observed by Nadezhdin
et al. (54).

Supported by allosteric coupling, these alterations will
affect the entire tetrameric channel, including its transmem-
brane region and the gating mechanism, finally resulting in
the switch between thermal regimes observed experimen-
tally (Fig. 15).

The precise localization of the thermosensitive domains is
still uncertain, and experimental studies have yielded con-
flicting results. Intriguingly, even a large-scale mutagenesis
effort involving thousands of random exchanges in rat
TRPV1 has failed to clearly map thermal susceptibility to a
defined domain or region of the protein (81). The data did,
however, indicate that mutations reducing hydrophobicity
tended to reduce thermosensitivity but not the response to
ligands. The authors interpreted their observations in terms
of the heat capacity hypothesis proposed by Clapham and
Miller (50). As pointed out above, this model is based on sin-
gle open and closed states and, in contrast to the IWQ model,
cannot account for the switches between distinct tempera-
ture regimes featuring constant gating enthalpies and entro-
pies. In fact, both the seemingly distributed nature of the
effect and the dependence on apolar side chains are consist-
ent with the postulate of the IWQ model that energy uptake
at defined temperatures can be mediated by rotational acti-
vation of free water molecules. Although we expect the dis-
tribution of thermo-susceptible areas in the protein-water
interface to be complex, it is certainly not random. Any given
IWQ model-based rotational transition will result in a

AJP-Regul Integr Comp Physiol « doi:10.1152/ajpregu.00236.2024 - www.ajpregu.org

Downloaded from journals.physiology.org/journal/ajpregu at Forschungszentrum Juelich GmbH (134.094.123.079) on November 13, 2025.


http://www.ajpregu.org

() THE MOLECULAR ORIGIN OF BODY TEMPERATURE IN HOMEOTHERMS

3 NO\_\ @ susceptible areas

X ) g
£ 3

Q O Q,,scores

TW,Z.
. h@-
i Tw,
10°3/T (K)

Temperature (°C)

Figure 15. Bottom: the schematic representation shows a top view of a
homotetrameric TRP channel (green) [compare to Hilton et al. (65)] with
susceptible areas (light brown) for different Qyq intervals. The size and sur-
face distribution of these areas are protein specific and change discontin-
uously at the interfacial water quantum-transition (IWQ) temperatures Ty 4
and Ty, (blue), concurrent with switches between Qo regimes. The size
of the central circle illustrates the temperature sensitivity, i.e., the Qo
value between the IWQ temperatures. Top: this schematic Van ‘t Hoff plot
demonstrates typical TRP channel patch-clamp data with IWQ tempera-
tures Ty indicated. At each transition temperature, energy is absorbed
locally in the susceptible areas. The allosteric interaction of these regions
finally enables the switch to another Qqg regime. K, equilibrium constant.

modified surface topology with an altered distribution of hot
spots for generation of free water molecules, which are avail-
able for energy uptake as a different resonance temperature
is reached (Fig. 15). Obviously, the information governing
the thermal response of TRP channels, and hence the differ-
ences among channel types and paralogs, must ultimately
be encoded in the amino acid sequence.

IWQ Model Implications for Thermal Homeostasis

Body temperatures of homeothermic species and the
IWQ temperatures.

Being homeothermic organisms, birds and mammals benefit
from a strict regulation of their body temperature (Tg) for
constant performance and responsiveness. Ty is optimized
during evolution, and significant deviations from normal
values can be fatal. Poikilothermic species, on the other
hand, tolerate changes in their core temperatures over a
wide range. The process of thermoregulation itself has been
studied extensively for decades (1-3, 7, 44) and is not further
considered here. Our key question is: How does a homeo-
thermic organism “know” what the basal value of its core
body temperature is, regardless of all external and internal
influences (10)?

Figure 16 shows histograms of experimentally determined
body temperatures for 596 mammals and 632 birds.
Intriguingly, we find that both the main peaks and several
secondary peaks can be assigned IWQ temperatures. In gen-
eral, body temperatures are not normally distributed
(Jarque-Bera test), and the frequency distribution for birds
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features stronger negative skew and higher kurtosis than
that of mammals. The fine structure of both distributions
may be due to real variation but probably also reflects tech-
nical problems such as unequal sampling of taxa and round-
ing effects. Nevertheless, it is interesting to note that,
despite the significant skewness, the peak value of the
mammalian distribution, Tg peak,mammals = 36.45°C, deter-
mined after smoothing closely matches the arithmetic
mean, Tpmammals = 36.46°C, both being close to the
commonly-quoted standard human body temperature,
TB,human =36.6°C (10)- TB,peak,mammals as well as TB,human’
in turn, correlate with the specific water rotational transi-
tion temperature Tyw = 36.32°C (p29.—331), as postulated
by the IWQ model. The maximum of the frequency distri-
bution of birds is found at Tg peak,bviras = 42.2°C, and the
respective IWQ temperature is Ty = 42.13°C (p12g4-1293).
The Eastern bluebird (Sialia sialis) for example represents
a typical avian species with a body temperature of 42.2°C.

Hemoglobin function and body temperature: the
oxygen saturation transition.

Using a variety of methods, we have demonstrated correla-
tions between critical temperatures in the behavior of intact
RBCs or Hb solutions and the body temperatures of the
respective species (23). By comparing the hemoglobin sequen-
ces of these species, conserved and divergent sequence seg-
ments were identified as indicated by Zerlin and colleagues
(24, 25). Hemoglobin molecular regions with higher sequence
divergence tend to be closer to the surface and involve both
o- and B-subunits of the hemoglobin tetramer, including the
o-p interfaces. We hypothesize that both the overall globin
fold and the alpha-beta architecture of hemoglobin contain
information about body temperature (70, 74, 151). Although
the oxygen-binding myoglobin is a monomer, it is conceiva-
ble that it might feature a similar species-specific temperature
sensitivity as observed for hemoglobin.

For homeotherm species, binding of oxygen to hemoglo-
bin during the allosteric T-R transition (152) is a vital func-
tion. It is therefore plausible that, during the evolution of
organisms, body temperatures were selected to optimally
support oxygen transport by hemoglobin in the respective
species. During oxygen binding, hemoglobin undergoes a
reversible change in its three-dimensional structure from a
tense state (T state) with lower affinity to a relaxed state
(R state) featuring high affinity, due to an allosteric coopera-
tive effect. In general, oxygen affinity of hemoglobin is well
known to decrease with increasing temperature, correspond-
ing to a shift of the oxygen binding isotherm toward higher
partial pressures (153, 154).

We reasoned that the temperature-dependent transitions
in structure and properties observed for hemoglobin or
intact RBCs may also manifest in oxygen transport. To verify
this prediction, we reassessed the temperature dependence
of oxygen saturation (So,) for both mammalian (human) and
avian (chicken) hemoglobin at two constant partial pressures
Po,: 1) using ambient air, i.e., 150 mmHg of oxygen, and
2) 3.6% oxygen in nitrogen, corresponding to 27 mmHg of
oxygen, the half-saturation pressure for human hemoglobin
at human body temperature. Indeed, these recent experi-
ments revealed sigmoidal relations. For human hemoglobin
at ambient Po, this was a weak trend, with an almost linear
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Figure 16. Oxygen saturation transition. Bottom: frequency distributions of body temperatures of mammals [N = 596, mean body temperature
(Tg,mean) = 36.46 +1.88°C] and birds (N = 464, Tg mean = 41.45£1.29°C) (mean £ SD) (32) with the envelope curve showing the major and minor
maxima. Top: temperature dependence of the hemoglobin oxygen saturation (left, human; right, chicken) at atmospheric oxygen partial pressure
(top curves) and 50% oxygen partial pressure (bottom curves). A sigmoidal relation was discovered in all cases. The turning points, T, correlate
remarkably well with distinct rotational transition temperatures, Ty, within the limits of the measuring errors (dashed areas). The data represent

mean and SD of oxygen saturation for each temperature (N = 3).

decrease in oxygen saturation of 0.67%/K (r = 0.96). Around
half-saturation partial oxygen pressure, however, we
observed a pronounced sigmoidal decrease (maximum slope
of -8.4%/K) in human hemoglobin oxygen saturation with
temperature (Fig. 16, top left). Moreovetr, the inflection point
of this curve, T = 36.3 +0.24°C, was identical to the IWQ tran-
sition temperature, Tyw = 36.32°C (p29,-33;) and thus close to
the basal value of the human body temperature, Tg human =
36.6°C (10). To our surprise, we found that for chicken hemo-
globin oxygen saturation exhibited a highly significant sig-
moidal decrease already at ambient oxygen partial pressure,
with Tc = 41.0+0.53°C and a slope at T of —14.3%/K,
whereas at 27 mmHg of oxygen the slope at T¢ (—7.7%/K) was
smaller (Fig. 16, top right). Consistent with our observations
with the human protein, the T for chicken hemoglobin was,
within the limits of measurement accuracy, identical to the
chicken body temperature, T chicken (40.6-41.7°C). This value
corresponds to the IWQ transition temperature Ty = 40.68°C
(pllg4-1lo3).

Apparently, the oxygen binding isotherms do not just shift
smoothly with temperature but display a particularly strong
temperature dependence (appearing as a transition at con-
stant partial pressure) around critical temperatures Tc. To
the best of our knowledge, this oxygen saturation transition
has not been described before. Based on these observations,
we expect similar results for other homeothermic species. If
such a correlation was confirmed, this would support the
generalized conjecture Tc species = Th,species = Tw,speciess With
Tw serving as IWQ reference temperature for the respective
species.

R568

IWQ Model Mechanism of the Hb-Oxygen Saturation
Transition

The process of binding oxygen in the R state is exother-
mic, whereas releasing oxygen in the T state is endothermic,
explaining the general decrease of oxygen affinity with
increasing temperature (154). If the temperature exceeds T¢
and the Hb oxygen saturation drops as observed, then
energy must be supplied to the Hb molecule to increase the
T-state probability, causing a fraction of bound oxygen to be
released (Fig. 16). Considering the IWQ model, the energy
required is invested to the Hb-water interface in a specific
and sudden manner. The critical temperature, T¢, for the
oxygen saturation transition of human Hb can be assigned
to the same rotational quantum transition of water (p2g2-331,
with Ty = 36.32°C) as the Hb crystal transition and the RBC
passage transition discussed above. These temperature tran-
sitions of very different physical parameters exhibit similar
steepness, supporting the view that they share the same
cause.

In analogy to the TRP channels (Fig. 15), the IWQ energy is
stored in the susceptible areas existing in R-state hemoglo-
bin around T¢. The resulting alterations in the tertiary struc-
tures of o- and B-chains affect their elementary oxygen
binding constants and/or their cooperativity, which ulti-
mately leads to the distinct sigmoidal shape of the hemoglo-
bin saturation curve around Tc. In physiological terms, this
is reminiscent of the Bohr effect (decrease of oxygen affinity
upon lowering the pH) or the action of other inorganic (chlo-
ride) or organic (2,3-bisphosphoglycerate) modulators. The
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difference is that rotational transitions alter the T-R equilib-
rium in response to a physical parameter rather than the
chemical environment, and the temperature-dependent
switch may or may not resemble the chemically induced
ones. Regardless of structural details, the IWQ effect is likely
to favor oxygen release in peripheral tissues at elevated tem-
peratures, e.g., in skeletal muscle during exercise or under
fever conditions. Whereas the temperature sensitivity of
human Hb oxygen saturation is low at atmospheric Po,, or
the pressure encountered in lung capillaries (100 mmHg), it
increases with rising temperature to as much as 8.4%/K at T¢
if Po, is close to the half-saturation level (Fig. 16). The overall
result not only appears consistent with physiological
demands but also is expected to usually synergize with the
Bohr effect.

Another physiological effect is associated with the “work
of solvation” (WoS) required during the transition from the T
state to the R state (75, 84). It must be invested in the (colder)
lung alveoli during Hb oxygenation to bring water molecules
to the Hb surface exposed during the transition from the T
state to the R state. According to Colombo et al. (75), water
molecules act as allosteric effectors during Hb oxygenation
(T—R transition). In the course of this conformational
change, human hemoglobin requires ~60 water molecules
to cover the additional surface area [420-600 A?, roughly 4%
of the solvent-accessible surface] that is exposed in the
relaxed state. This implies an osmotic WoS in the physiologi-
cal medium of 0.2 kcal/mol. The WoS is released upon return
to the T state during deoxygenation in peripheral tissues,
making the process appear as a physiological heat pump.
Since this process is coupled to oxygen delivery, it should
share the same temperature dependence and hence be pro-
nounced when the temperature exceeds Tc. Furthermore,
part of the water absorbed during oxygen binding is released
again as saturation drops at T > Tc.

Although monomeric myoglobin does not exhibit a T-R
transition, it may still be subject to an oxygen saturation
transition triggered by IWQ effects. Indeed, we were able to
confirm a structural transition similar to hemoglobin via CD
spectroscopy; the implications for oxygen delivery to muscle
tissue are uncertain at present.

MATERIALS AND METHODS

For oxygen saturation measurements of hemoglobin, fresh
human blood was collected via finger prick from a healthy
donor into heparin-coated capillaries (BRAND, Wertheim,
Germany). Brown nick chicken blood conserved in Alsever’s
solution was acquired from Labor Dr. Merk (Ochsenhausen,
Germany). Blood samples were centrifuged with isotonic
phosphate saline, and plasma was discarded. The packed red
cells were hemolyzed and further diluted with 0.1 M phos-
phate buffer, pH 7.0 (155, 156), and centrifuged to remove the
RBC membranes. The diluted hemoglobin samples were
directly used for spectrophotometric analysis. The UV-VIS
spectrophotometer V-550 (JASCO, Japan) was coupled
with a circulation thermostat PT80 (Kriiss, Hamburg,
Germany), which heats both sample and reference cham-
bers. Phosphate buffer was used as blank and reference. A
3-D printed cuvette cover that accommodates the tempera-
ture probe TDIP15 (Pyroscience, Aachen, Germany), O,
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sensor OXF1100-O1I (Pyroscience, Aachen, Germany), and
holes for gas inlet and overpressure outlet was used. For
measurements involving oxyhemoglobin, the samples were
analyzed in ambient air. To create 50% oxygenated hemoglo-
bin, the specimens were purged with a gas mixture consist-
ing of 3.6% oxygen and 96.4% nitrogen (Linde, Pullach,
Germany). The oxygen saturation was calculated by the
method of Pittman and Duling (157). The oxygen saturation
data were fitted to sigmoid curves to determine the inflection
points with MATLAB.

DISCUSSION

This article presents a model for understanding disconti-
nuities in the thermal behavior of proteins at discrete transi-
tion temperatures, with a focus on homeothermic species, in
particular humans. The basic assumption is that at critical
temperatures thermal energy is absorbed locally in the pro-
tein-water interface, potentially resulting in conformational
changes and an associated switch in the protein’s function.
The surface distribution of this energy uptake is specific to
the protein (and the species) as well as the transition temper-
ature considered. As the underlying mechanism, we propose
rotational quantum transitions of temporarily free water
molecules in the protein-water interface (62, 64, 86, 109).
This hypothesis is supported by the established rotational
excitation of free water molecules in fullerene cages (93) and
the experimental demonstration of such transitions in aque-
ous protein and DNA solutions by means of four-photon
spectroscopy (90, 101, 102). Despite numerous experimental
and theoretical indications in favor of the IWQ model, there
remain points to be raised. A major uncertainty concerns the
precise mode of rotational excitation of water molecules in
the liquid state. We believe that, besides radiative energy
transfer, collisional mechanisms should also be considered
(61, 63, 158). The average translational kinetic energies in lig-
uid water at thermal equilibrium should, to a good approxi-
mation, follow the equipartition theorem, yielding energy
E =1mv? = 1KT for each of the three translational degrees of
freedom. Obviously, molecular translational motion in water
is complicated by the presence of hydrogen-bonding net-
works, which may favor additional slow, collective transla-
tional modes different from those of an ideal gas; however,
this will not largely affect the average energies of translation
per dimension. With this premise, we can estimate the maxi-
mum energy afforded by a collision (assuming an antiparal-
lel path) of two molecules carrying average translational
energy in this particular direction as 2 x 1kT = kT. On the
other hand, it is worth noting that, given the broad distri-
bution of molecular velocities predicted by Maxwell-
Boltzmann statistics, the sharpness of protein thermal
responses is remarkable and not completely understood.
Acknowledging that keeping a protein in a higher-energy
state (counteracting relaxation) will likely require a semi-
continuous transfer of energy and hence a critical rate of
IWQ events may offer an explanation. Resolution of this
issue is awaiting future studies.

Another field to be addressed is the transfer of energy
from the rotationally excited water molecules to the protein.
Inverse to excitation, a rotating free water molecule may
relax by radiating a far-infrared photon or by transferring
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energy into translational or vibrational modes, either of
which can be related to heat transfer (involving neighboring
solvent molecules or the protein). In structural terms, altera-
tion of the steady-state hydrogen-bonding pattern is likely to
be part of the mechanism. We assume the details to depend
on the local configuration of the affected protein surface
patch as well as the specific water rotational modes involved.

The IWQ model does not make any assumptions about spe-
cific structural properties of biomolecules but relies solely on
the temperature dependence of the protein-water interface,
including changes to the hydrogen bonding architecture and
the topography of hydrophobic regions. Since the proposed
mechanism represents a generic route for the water-mediated
transfer of enthalpy to all kinds of cosolvents or solutes,
downstream processes might be modulated in every physi-
cally possible way: in addition to favoring higher-energy
states of macromolecules, as assumed in the discussion
above, energy might, e.g., be utilized to overcome activation
barriers, enabling transitions that are otherwise kinetically
hindered though thermodynamically favorable. This model
now enables us to explain the transitions observed decades
ago for human RBCs as well as solutions of human hemoglo-
bin, including the RBC passage transition, the Hb viscosity
transition, and the CD secondary structure transition: in all
cases the inflection point is virtually indistinguishable from
the resonance temperature assigned to quantum transition
P202-331 (Tw = 36.32°C) of para-water. The IWQ model implies
that pronounced changes in structure and properties as a
function of temperature should not be limited to soluble pro-
teins but may analogously affect all sorts of membrane-bound
proteins and ultimately any biomolecule, with potentially
profound impact on all aspects of life.

As an instructive example, we reviewed available
patch-clamp data on temperature-sensitive TRP chan-
nels. Unfortunately, published information on equilibrium
constants in the temperature range considered here is limited.
Although previous models have rationalized the general tem-
perature dependence of gating, the remarkable switching
between distinct thermal regimes at well-defined tempera-
tures has remained enigmatic. Similar to the case of hemoglo-
bin, the IWQ model provides a solution to the discontinuity
problem by assuming that thermal energy is absorbed with
particularly high efficiency at temperatures supporting rota-
tional quantum transitions of water. This way, each type of
channel can utilize its own repertoire of transition tempera-
tures, allowing for subtype and species specificity; alterations
in the amino acid sequence can widely modulate the thermal
response but not the position of the candidate transition tem-
peratures because the latter are dictated by quantum physics.
Finally, based on the examples shown, we emphasize the
enormous potential of patch-clamp experiments for assessing
the temperature dependence of channel activity. Particular
attention should be paid to the temperature accuracy directly
at the cell patch.

The initial question of the paper was: Is there a physically
defined reference for body temperature? We propose that it
is set by the hemoglobin oxygen saturation transition. This
hypothesis is supported by our recent investigation of
human and chicken Hb oxygen saturation as a function of
temperature. Both recordings feature a sigmoidal relation
(Fig. 16, top), with inflection points coinciding with other

R570

hemoglobin transitions as well as with the body tempera-
tures of the respective species. Based on these observations,
temperature qualifies as another allosteric modulator caus-
ing a prominent shift in the T-R equilibrium (and hence the
oxygen saturation isotherm), which is centered on basal
body temperatures. The quantum transition temperature
Tw = 36.32°C of the rotational transition p2q,-33; therefore
suggests itself as the physical reference value of human body
temperature. We expect that such an assignment of body
temperatures to specific rotational water transitions is also
possible for other homeothermic species, but this needs to
be confirmed by future investigations.

Intriguingly, our comparison across a number of mam-
malian and avian hemoglobins suggests that the switching
temperature strongly correlates with the species’ body
temperature (23-25) and must hence be evolutionarily
engraved into the structure of hemoglobins. If this is true,
shouldn’t amino acid exchanges occurring in a given spe-
cies, as a result of allelic variation or spontaneous muta-
tion, result in shifts of the reference temperature? The
IWQ model clearly implies that a protein’s temperature-
activity profile may be altered if an amino acid substitu-
tion affects a critical surface patch involved in energy
transfer events. Axiomatically, this must apply not only to
the evolution of vertebrate classes and the diversification
within classes (Fig. 16) but also to intraspecies variation. It
should be noted, however, that a function as fundamental
as core temperature regulation is likely to be redundant,
e.g., to rely on more than one sensor molecule, which
should attenuate the effects of mutations in individual
genes. Although we are proposing mammalian and avian
body temperatures to be optimized w.r.t. oXygen transport,
other proteins like TRP channels are well established to play
a role in the actual temperature sensing on the organism
level. Moreover, only a subset of amino acid exchanges on
any protein’s surface will strongly affect the response to a
specific water rotational transition. As a result, the tempera-
ture response of the sensory mechanism as a whole may be
quite robust toward single mutations; on the other hand,
rare variations that do significantly alter the temperature
response may not be recognized as such because they result
in early death of the organism. To the best of our knowledge,
data on genetic contributions to interindividual variation of
basal body temperature in homeotherms is very limited;
although indications of significant heritability do exist (159),
it remains unclear whether these relate to temperature sens-
ing or other components of thermoregulation.

Owing to the underlying physical mechanism, there is no
reason to assume that IWQ transitions would not occur in
the proteins of poikilothermic species. Since these have no
well-defined body temperature, it is conceivable that their
essential proteins are relatively stable and active over a wide
range of temperatures. Nevertheless, a correlation of critical
temperatures affecting certain body functions with TWQ
transition temperatures can be expected. For example, the
ambient temperature to which turtle eggs are exposed dur-
ing hatching determines the sex of the offspring (160, 161),
which means that temperature controls gene expression in
these animals. Obviously, IWQ transitions might affect tran-
scription or translation by “switching” nucleic acid-binding
proteins, and previous experiments have revealed water
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quantum rotation also in the presence of naked DNA (101,
162, 163). Similar considerations apply to temperature-
dependent effects in other organisms, examples being
microbial metabolism (164) and plant growth (165).

Regardless of the specifics of the system under study, the
sharp and often unanticipated transitions in certain temper-
ature-dependent biological processes suggest several critical
requirements for future experiments: first and foremost, an
accuracy of less than £0.2°C in assessing temperature inside
the sample volume studied and a sufficiently long equilibra-
tion time after technically reaching a temperature level.
Furthermore, we recommend experiments with human cells
and proteins or DNA at “body temperature” to be carried out
in steps of 0.2°C around Ty = 36.32°C. Results obtained “at
laboratory temperature” have their place in history and are
of limited value.

In summary, we think that temperatures playing a deci-
sive role in physiology, including the basal body temperature
in homeothermic species, can be traced back to rotational
quantum transitions of ortho- or para-water. The IWQ model
provides a novel framework for understanding previously
unexplained experimental observations. Casting the concept
into a concise formula: Proteins sense and water sets critical
physiological temperatures.
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